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Structural hemoglobin variants, due to qualitative defects in one of the globin subunits that result in the production of structurally abnormal globin chains. Although this category includes over 1200 variants, only a fraction have phenotypic impact. Within this group can be included variants that produce unstable Hbs that can lead to hemolytic anemia. The most common mutations that decrease the stability of the Hb are small deletions or substitutions that usually affect the heme pocket. The resulting instability is often caused by premature dissociation of the heme from the globin chain. Such heme-depleted globin is precipitated as intracellular material known as Heinz bodies. 6 These mutations affect most frequently the HBB gene. Despite their inherent instability, the chains are able to combine with α-globin subunits to produce a hemoglobin tetramer that precipitates in the mature red cell in the peripheral blood. 2. Thalassemias, characterized by decreased production of one of the subunits that comprise adult hemoglobin and consequently, a relative excess of the remaining subunit, normally synthesized. They are classified into α-or β-thalassemias (thal), depending, respectively, on the affected gene.
Although these syndromes are typically inherited in a Mendelian recessive manner, dominant forms of β-thal (OMIM: 603902) have been described, due to mutations that affect both the structure as well as the quantity of the synthesized β-globin chains. These frequently arise as de novo point mutations. 8 The highly unstable nascent globin chains are unable to ensemble the α 1 β 1 dimers. This leads to ineffective erythropoiesis, also exacerbated by the concomitant relative excess of the α-chains. 9 Our group has already identified and characterized 2 elongated variants associated with dominant β-thal in 2 pediatric Argentinean patients. 10 In this report we present 2 novel small deletions of 2 and 3 amino acids, respectively, leading to unstable variants in 2 pediatric patients, one with thalassemia intermedia-like features and the other with a β-thal major phenotype, both with hematological normal parents. We propose a putative pathogenic mechanism for the observed phenotype based on β-globin sequence and structural analysis.
| PATIENTS AND METHODS
Proband 1 was an Argentinean 5-year-old boy, full-term born from a non-consanguineous couple. He was admitted to the National Hospital A. Posadas with respiratory symptoms and non-immune hemolytic anemia, requiring a transfusion with packed red blood cells. Upon physical examination, the patient presented moderate splenomegaly, and an ultrasound revealed the presence of gallstones. The subsequent evolution of the patient was characterized by mild basal hemolysis with elevated LDH levels, exacerbated during hemolytic crises that were accompanied by fever, jaundice, vomiting, headaches, and hemoglobinuria. The proband presented delayed growth and weight gain and developed severe splenomegaly and nephropathy. The patient required, after the initial crisis, 6 additional packed red blood cells transfusions;
3 of these hemolytic crises were triggered by an infection. When the patient turned 6 years old, his phenotype resembled a thalassemia intermedia, with occasional acute hemolytic crises.
Proband 2 was an 11-year-old patient born in Colonia Tavapy, Paraguay. She was the first daughter of a non-consanguineous couple, who also had a second healthy child. At the time of the admission to the Hematology Service of the "Dr. Pedro de Elizalde" Hospital, the patient presented a regular transfusion requirement and had already been splenectomized in her home country when she was 3 years old. The proband did not present hepatomegaly, and the biliary tract was normal, although jaundice of skin and mucous membranes was observed.
The parents of both probands were normal upon physical examination, with normal hematological features.
Written informed consents following the current version of the Helsinki Declaration were obtained from the individuals involved in this study, and the research project was approved by the institutional bioethical committee.
Peripheral blood cell counts and erythrocyte indices were determined using an electronic cell counter (Sysmex XT2000i; Sysmex Corporation, Kobe, Japan). Hemoglobin electrophoreses were carried out with a semiautomatic agarose gel system at both alkaline and acid pH (Sebia, Lisses, Évry, France). Hb A 2 was assessed with microcolumn chromatography and Hb F using an alkali denaturation method. Heinz bodies were evaluated by means of incubation with brilliant cresyl blue. 11 Tests for stability were carried out by the isopropanol precipitation test.
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Genomic DNA from the probands and their asymptomatic parents was isolated from peripheral blood leukocytes using standard methods. 13 The complete HBB gene was analyzed as previously described. 14 To study the alleles separately and identify precisely the variants found, the patients' HBB PCR products, from c.−209 to c.315 + 144, were cloned in the pGEM ® -T Easy Vector Systems (Promega, Madison, WI, USA) as described in 15 and sequenced.
The most common α-thal + deletion, −α 3.7 , and the ααα anti3.7
insertion were analyzed by GAP-PCR. 16, 17 Three SNPs in the loci that showed the strongest association with Hb F levels were studied 18 : rs7482144 in the promoter region of HBG2 (minor allele T), rs1188686
in the second intron of BCL11A (minor allele G), and rs4895441 in the intergenic region of HBS1L-MYB (minor allele G).
To improve our understanding on the impact of the β-globin sequence changes in functional or structural perturbations, the altered amino acid sequences were studied analyzing their physicochemical properties, sequence conservation, secondary and tertiary structure predictions, and structural stability calculations. Structural and/or functional importance of the positions altered in these patients were analyzed using Evolutionary Trace method, 19 and sequence variation impact on protein function was studied using PROVEAN. 20 Sequence-based secondary structure prediction was performed on the novel variants using PSIPRED. 21 Moreover, to obtain structural models of both variants, homology modeling of β-globin chains was performed. Modeller program 22 was used for this purpose including as templates previously selected structures deposited in PDB (www.rcsb.org). 23 These structures, PDB IDs 2DN1 and 2DN2, 24 correspond, respectively, to an oxy dimer and to a deoxy tetramer human consensus wild-type Hb (UniProtKB codes | 531
P69905 for HBA_HUMAN and P68871 for HBB_HUMAN). These structures were selected due to their high crystal resolution taking into account that as higher is the resolution more structural details could be confidently inferred. 25 In order to describe the impact of these sequence variants in the hemoglobin structure stability and to obtain significant results, it was necessary to assess several structural models.
Following this objective, and for each variant, 100 structural models were obtained for β-globin oxy and deoxy forms. These models were structurally corrected using repairpdb routine, and then, stability energy estimations were performed using, for both steps, the program FoldX.
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This routine allows the free energy of folding (ΔG) estimation of a target protein structure. Structural model quality assessments were performed using the programs Procheck and ProSAWeb. 27 
| RESULTS
The hematological parameters of the probands are summarized in In both probands, erythroblasts in peripheral blood were observed and the levels of Hb F were incremented, which would further indicate that they had been subjected to hematopoietic stress. To study a possible genetic influence in the Hb F levels exhibited, the 3 major quantitative loci associated with the modulation of this fraction after birth were ana- describe an altered oxygen affinity with no consequences regarding the stability of the resulting variants. 32 The most important finding in terms of structural characterization for both variants is the associated instability of both compared with their wild-type counterparts (these results are commented below taking together the two variants).
Proband 2 presented the mutation HBB:c.182_187delTGAAGG Aiming to compare structural stability of the different variants and of the wild-type Hbs, Figure 3 shows the distributions of the estimation of ∆G free energy of folding for the 100 models of each template and wild-type structures (in oxy and deoxy forms). As it can be observed in the box plots, the models for both variants (last 4 box plots, right side) show higher ∆G energies, compared to the ones for the wild-type conformers (first 2 box plots, left side), meaning that they are more unstable structures. Also, oxy forms are slightly more unstable that deoxy ones.
The patients did not present any other alterations in the HBA genes that would contribute to the observed phenotype. In both cases, the mutations analyzed were absent in their parents' DNA.
| DISCUSSION
As sequencing is becoming a more accessible strategy worldwide to identify β-thal mutations and the taboo associated with the genetic studies to identify carriers is disappearing, the number of reports of novel mutations affecting the globin genes is increasing. In fact, our group has previously reported 2 novel α-thal mutations and 2 variants that lead to elongated β-globin chains in Argentinean pediatric patients. 10 In this study, we identified 2 novel de novo occurring in-frame deletions that decrease the stability of the β-globin chain, resulting in thal intermedia features with hemolytic anemia in an Argentinean .100_102delGTG ), F I G U R E 2 Affected residues in Hb JC-Paz and Hb Tavapy, highlighted in red and in sticks representation over deoxy hemoglobin tetramer in cartoon representations (PDB ID 1B86). α-chains are in black and β-chains in white. 2,3-DPG and β-chain residues in contact (Val1, His2, Lys82, and His143), His92, His63, and heme groups are in sticks representation. A, Three residues deletion (p.Ala10_Thr12del, in red) of Hb JC-Paz in α helix "A", and their neighbors in sequence (Ser9 and Ala13, in yellow). As it can be observed, almost a complete α-helix turn would be lost, affecting the amino-terminal residues of β chain. B, Two residues deletion (p.Val60_Lys61del, in red) of Hb Tavapy in α helix "E" and neighboring residues (Lys59 and Ala62, in yellow). As it can be better observed in the zoom panel, this region, at the beginning of α helix "E", is immediately previous to His63 (distal Histidine) [Colour figure can be viewed at wileyonlinelibrary.com] that lead to unstable structural variants, the loss of these residues leads to a thalassemic structural variant. Sequence, structural, and electrostatic analyses have revealed that these two amino acid deletions have deleterious effect, and besides, the heme-binding pocket is affected.
The analysis of secondary modifiers could not contribute to explain the differences in the phenotype exhibited by both patients.
Although the levels of Hb F could play a role modulating the clinical outcome, the primary modifier-the mutations in HBB-seems to be mainly to blame for the clinical behavior of the probands.
It is difficult to establish a correlation between sequence, structural, and physicochemical alterations predicted and the clinical outcome of these two patients. Allosteric regulation alteration should seriously impact in the adequate O 2 delivery. But, heme pocket integrity is essential. The results of structural modeling performed in this work show a notorious change in the structural stability of both forms compared with wild-type structures. In Hb JC-Paz, as well as in Hb Tavapy, both oxy and deoxy structural models show an increment in the instability of beta chains, being more important the reduction in stability for oxy forms. These changes correlate with the hematological and clinical features of both patients.
The synthesis of novel abnormal hemoglobins confers a challenge for the treating physician, when it is not possible to frame the clinical behavior of the patient in those described in the literature. It is expected that the development of structural models and bioinformatic algorithms could improve the characterization of these variants and their relationship with the patients' clinical behavior.
CONFLICT OF INTEREST
Nothing to report.
F I G U R E 3
Distributions of ∆G energies of unfolding for (from left to right) 14 wild-type conformers in oxy form and 31 wild-type conformers in deoxy form obtained from CoDNAS, 100 models for Hb Tavapy using an oxy template (PDB 2DN1), and 100 using a deoxy template (PDB 2DN2), and in the same way for models of Hb JC-Paz [Colour figure can be viewed at wileyonlinelibrary.com]
